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Abstract—Large-area silicon nanowire arrays (SiNAs) were 
fabricated via metal catalytic etching technique, in conjunction 
with the polystyrene spheres lithographic process. The nitrogen-
doped ultrananocrystalline diamond (N2-UNCD) films were 
coated on thus formed SiNA by using microwave plasma 
chemical vapor deposition (MPECVD) process. The N2-
UNCD/SiNWs films, which were grown in CH4/N2 plasma  at 
700oC, possess markedly better conductivity (σN2-UNCD=2-3(Ω cm)-
1) than the conventional c-UNCD/SiNWs films, which were grown 
in CH4/Ar plasma at around 425oC (σUNCD=0.01(Ω cm)-1). The 
EFE process of the former materials can be turned on at (E0)N2-
UNCD=7.80 V/μm achieving larger EFE current density of (Je)N2-
UNCD=0.67 mA/cm2 at an applied field of 13.0 V/μm ,whereas that 
of the latter materials need (E0)=UNCD=18.25 V/μm to turn on, 
attaining only (Je)UNCD=0.024 mA/cm2 at same applied field. 
While the plasma illumination process can be triggered at around 
0.21 V/μm, regardless of the characteristics of the cathod 
materials, plasma illumination intensity/current density is larger 
when the materials with better EFE properties were used as 
cathodes for the plasma device. The plasma illumination current 
density is around (Jpi)N2-UNCD=5.0 mA/cm2 (at an applied field of 
0.35 V/μm) when N2-UNCD/SiNWs film was used as cathode, 
whereas the  (Jpi)UNCD=3.2 mA/cm2 when the conventional 
UNCD/SiNWs film was used as cathode. In summary, it is 
observed that the plasma illumination charateristics of the CP-
devices is closely correlated with the electron field emission 
behavior of the cathode materials, which, in turn, was enhanced 
due to the improvement in conductivity of the UNCD films.
Keywords: silicon nanowire arrays (SiNAs), nitrogen-doped
ultrananocrystalline diamond (UNCD) 
I. INTRODUCTION 
Diamond films possess good electron field emission (EFE) 
properties, besides their marvelous physical and chemical properties, 
and can potentially be applied as material for fabricating electron 
field emitters [1-3]. There are substantial researches carried out on 
the growth, properties and applications of single crystalline and 
microcrystalline diamond (MCD) in the last few decades. Recently, 
main focus has been directed towards the synthesis and properties of 
ultra-nanocrystalline diamond (UNCD) films [4], as the UNCD films 
possess many excellent properties and several of them actually 
exceed those of diamond [5]. A very high electron field emission 
characteristic has been reported for UNCD films [6-8]. Among the 
potential application for the diamond electron field emitter, the 
electron source for the microcavity plasma devices looks more 
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promising. Microcavity plasma devices represent a new photonics 
technology at the interface of plasma science and optoelectronics in 
which a nonequilibrium plasma is spatially confined to cavities with 
cross-sectional dimensions as small as 10 μm [9-11]. These devices 
exhibit great potential for a broad spectrum of applications in 
materials synthesis, environmental sensing, and elemental analysis, as 
the microplasma devices are advantageous in (i) the power loading 
(of the order of kW cm−3) and (ii) the ability to operate continuously 
at pressures up to and beyond 1 atm [12-16]. On the other hand, 
plasma display technology has advanced considerably in the past 
decade but faced the challenges of insufficient luminous efficiency of 
the plasma devices [17]. The development of a cathode material, 
which can efficiently emit the electrons for the purpose of improving 
the performance of a plasma illumination device, is thus called for.  
In these studies, we utilized highly conducting UNCD films as 
coating materials to enhance the plasma illumination characteristics 
of the capacitive-type plasma devices (CP-devices) and observed 
marked enhancement in the plasma illumination characteristics of the 
CP-devices. The detail microstructure of these films was investigated 
using transmission electron microscopy (TEM) so as to elucidate the 
mechanism that improved the characteristics of the CP-devices. 
II. EXPERIMENTAL  
A nano-sphere based lithography technique was used to fabricate the 
Si-nanowire (SiNW) array templates. The (100) Si substrates were 
pre-cleaned by using a RCA process [18], which includes rinsing the 
Si wafer sequentially in water-diluted hydrogen peroxide/ammonium 
hydroxide and hydrogen peroxide/hydrochloric acid solution. The 
polystyrene spheres (PS) about 500 nm in diameter were firstly 
overlaid on the Si substrates by a drop-coating process (Fig. 1(a)). 
The closed packed PS layer was plasma etched (air, 50 watts) for a 
few minutes to shrink the size of PS sphere (Fig. 1(b)), followed by 
the deposition of a thin Ag film via sputter and the removable of PS 
sphere by ultrasonicating the Ag-coated substrate in deionized water 
to form a Ag mask with regularity arranged spherical pattern of 
exposed Si-surface (Fig. 1(c)). These Ag-patterned Si-substrates were 
then dip into an etching solution (HF (4.60 M)+H2O2 (0.44 M)) to 
etch away the Si underneath the Ag-coating will be etched away by a 
self-gavanic process 
 Fig. 
1 The SEM micrographs showing the sequence of fabricating the 
SiNW templates: (a) PS coated, (b) Ar plasma etched, (c) Ag-coated 
and after PS removal and (d) SiNWs after etching in HF +H2O2 for 
10 min. 
 
 [19], forming Si-NWs about 300 in diameter, which is the same size 
of the PS spheres. Thus formed SiNW arrays were thermal oxidized 
in air (1000oC, 10 min), followed by dipping in 10% HF solution for 
1 min, to sharpen the SiNWs, resulting in a templates, which contain 
SiNWs about 300 nm in diameter, 2-3 μm in length (Fig. 1(d)). The 
UNCD films were then grown on these SiNW array templates. In the 
growth of highly conductive UNCD films, the plasma (CH4/N2=6/94) 
was excited by a microwave (2.45 GHz) of 1200 W in 50 torr total 
pressure. The substrates (SiNWs templates) were heated to 700oC by 
a resistance heater. The UNCD-coated SiNW nanostructures formed 
by such a MPECVD process for 10 min in designated as N2-
UNCD/SiNWs. To facilitate the comparison, conventional UNCD 
films were grown in CH4/Ar=1/99 sccm plasma for 60 min by using a 
MPECVD process (2.45 GHz, 1200 W, 120 torr total pressure). The 
UNCD films were grown without external heater. Thus obtained 
samples were designated as c-UNCD/SiNWs. 
The morphology of the as prepared and UNCD coated SiNW 
array templates was examined using field emission SEM (JEOL JSM-
6500F). The bonding structure of the UNCD films coated on the 
SiNWs was investigated by a 632 nm Raman spectroscopy. The 
electron field emission (EFE) properties of the as-prepared and 
UNCD-coated SiNWs were measured using a parallel setup, in which 
the anode (W-rod, 1 mm in diameter) was separated from the cathode 
(UNCD-coated SiNW arrays) with the cathode-to-anode distance 
controlled by an adjustable micrometer attached to the anode. The 
current-to-votage characteristics of the UNCD-coated SiNW arrays 
 
 
were acquired in a high vacuum environment (5×10-6 torr) by a 
Keitheley 237 and the current density vs applied field (J-E) curves 
were modeled by Fowler-Nordheim (F-N) model [20]. The turn-on 
field for inducing the EFE process was designated as the interception 
of the lines extrapolated from the low-field and high-field segments in 
F-N plots, which were in J/E2 vs 1/E curves. The plasma illumination 
characteristics of a capacitive-type plasma device (CP-devices) were 
characterized by a parallel plate configuration, in which the Indium-
Tin oxide (ITO) coated glass plates (the anode) was separated from the 
UNCD/SiNW arrays (the cathode) by a fixed spacer (teflon, 1.0 mm in 
thickness).  The Ar plasma was excited in between the ITO and 
UNCD/SiNWs by applying a positive voltage pulsed (0~400 V) to the 
anode in a vacuum of ~100 torr. The current density vs. applied field 
of such a setup was acquired using a Keitheley 2410 current source 
electrometer. 
III. RESULTS AND DISCUSSION  
The characteristics of the UNCD films grown on planar Si 
substrates were investigated first for the purpose of developing the 
most proper UNCD films for fabricating the UNCD/SiNW arrays. 
Figures 2(a) and 2(b) show the SEM morphology of the UNCD films 
grown in CH4/N2 and CH4/Ar plasma, respectively, indicating that 
both UNCD films contain ultra-small grains with very smooth 
surface that is very promising for coating on the SiNW arrays 
conformally. The UNCD films grown in CH4/N2 plasma (N2-UNCD) 
consist of acicular grains about 5 nm x 300 nm in size (Fig. 2(a)), 
whereas the films grown in CH4/Ar plasma (c-UNCD) contain of 
equi-axed grains about 5 nm in size. Detail examinations using 
transmission electron microscopy (TEM) reveals a unique granular 
structure for the CH4/N2-plasma derived N2-UNCD films, as 
compared with the conventional c-NCD films grown in CH4/Ar 
plasma. Figure 3(a) and the corresponding inset show that the N2-
UNCD films consist of needle like diamond grains about 5 nm in 
diameter and a few hundreds of nanometer in length. In contrast, Fig. 
3(b) and the inset show that the c-UNCD films contain spherical 
diamond grains about 5 nm in size. Moreover, structure image in 
TEM (not shown here) revels that each needle-like diamond grains 
were encased with a thin layer of graphitic phase. The significance of 
such a unique granular structure on the electron  field emission and 
plasma illumination behavior of the materials will be discussed 
shortly. 
Fig. 
2  The SEM micrographs of the UNCD films grown on planar Si-
substrates: (a) N2-UNCD films grown in CH4/N2 plasma at 700oC for 
10 min and (b) conventional c-UNCD films grown in CH4/Ar plasma 
at around 425oC for 60 min. 
 
 
Fig. 3  The TEM micrographs of the UNCD films grown on planar 
Si-substrates: (a) N2-UNCD films grown in CH4/N2 plasma at 700oC 
for 10 min and (b) conventional c-UNCD films grown in CH4/Ar 
plasma at around 425oC for 60 min. 
 
Raman spectroscopy shown in Fig. 4 shows that both N2-
UNCD/SiNWs and c-UNCD/SiNWs contain broaden Raman 
resonance peaks, which characterize UNCD films with ultrasmall 
grain size [4]. Both Raman spectra contain D*-band (1350 cm-1) and 
G-band (1580 cm-1) resonance peaks, which represent disordered 
carbon [21] and amorphous carbon (a-C) (or graphitic) phase [22], 
respectively. There also presents a small diffuse Raman resonance 
peaks near 1140 cm-1 and 1480 cm-1 which represent trans-
polyacetylene along the grain boundaries [23,24]. Moreover, the N2-
UNCD/SiNWs films have G*-band appears at 1600 cm-1, which 
imply that there exists nano-crystalline graphitic phase. Such an 
observation is in accord with the TEM microstructural investigation. 
Moreover, the c-UNCD/SiNWs films show slightly larger G-band/D-
band ratio than the N2-UNCD/SiNWs films, indicating that the 
CH4/Ar plasma based MPECVD process results in larger proportion 
of a-C phase.  
Four point measurements show that, when directly grown in 
planar Si substrates, the planar N2-UNCD films possess a 
conductivity as good as σN2-UNCD=2-3 (Ω cm)-1, whereas the  
 
 
 Fig.  4  
The Raman spectrascopy of  the UNCD films coated on the planar Si 
substrates: (a) N2-UNCD films grown in CH4/N2 plasma at 700oC for 
10 min and (b) conventional UNCD films grown in CH4/Ar plasma at 
around 425oC for 60 min. 
 
 
Fig. 5   The electron field emission properties of the UNCD films 
coated on the planar Si substrates: (a) N2-UNCD films grown in 
CH4/N2 plasma at 700oC for 10 min and (b) conventional UNCD 
films grown in CH4/Ar plasma at around 425oC for 60 min.  
 
conductivity the conventional c-UNCD films is two order of 
magnitude smaller (i.e., σUNCD ≤ 0.01(Ω-cm)-1). Hall measurement 
using Van der Pauw configuration reveal that plasma N2-UNCD 
films possess n-type conductivity, i.e., electron concentration of 
n=2.0 ×1022 cm-3 and the electrical conductivity of 186 (-cm)-1 (the 
Hall coefficient is not measurable for plasma UNCD films). Figure 
5(a) shows the EFE properties of thus grown UNCD films, indicating 
that the N2-UNCD films exhibit much better electron field emission 
(EFE) properties then the conventional c-UNCD films do. The EFE 
process for the N2-UNCD films can be turned on at a field of (E0)N2-
UNCD =10.87 V/μm, attaining a EFE current density of (Je)N2-UNCD= 
0.75 mA/cm2 at an applied field of 14.7 V/μm (curve I, Fig. 5(a)). In 
contrast, curve II in Fig. 5(a) shows that the c-UNCD/SiNW films 
requires markedly larger field to turn on the EFE process ((E0)c-
UNCD=17.5 V/μm) and the EFE current density can only attain (Je)c-
UNCD=0.013 mA/cm2 at the same applied field. It needs markedly 
larger applied field (Ea=27.0 V/μm) to attain the same lagre EFE 
current density (0.75 mA/cm2). The superior EFE properties for the 
N2-UNCD films, as compared with those for conventional c-UNCD 
films, are apparently resulted from the better conductivity for the 
former. The electronic properties of these planar UNCD films were 
summarized in Table I(a). 
Both the N2-UNCD and c-UNCD films were then used for 
coating the SiNW arrays to develop the cathode materials for 
inducing the plasma in the CP-devices. The morphology of the 
UNCD coated SiNWs was shown in Fig. 6, with the insets showing 
the enlarged micrographs of the UNCD-coated SiNWs. 
 
TABLE I. The EFE properties for the UNCD films grown on the 
planar Si substrates and the Si-nanowire array templates 
(UNCD/SiNWs) 
 
E0: the turn-on field derived from Fowler-Nordheim plots, as the interceptions 
of straight lines extrapolated from the low-field and high-field segments 
of the F-N plots. 
Je: the electron field emission current density achieved at applied field of 
Ea=13.0 V/  for planar UNCD films in (a) and is Ea=13.0 V/μm for 
UNCD/SiNWs in (b). 
Eth: the threshold field for triggering the plasma in the CP-devices. 
Jpl:  the plasma current density achieved in the CP-devices at applied field of 
Epl=0.36 V/μm. 
 
 
Fig. 6  The SEM micrographs of the diamond coated SiNW templates: 
(a) N2-UNCD/SiNWs coated in CH4/N2 plasma at 700oC for 10 min 
and (b) conventional UNCD/SiNW coated in CH4/Ar plasma at 
around 425oC for 60 min. The insets show the enlarged micrographs 
of the corresponding UNCD/SiNWs (the bars in the insets are 400 
nm). 
 
 
 
Fig.  7  The Raman spectrascopy of  the UNCD films coated on the 
SiNW templates: (a) N2-UNCD films grown in CH4/N2 plasma at 
700oC for 10 min and (b) conventional UNCD films grown in 
CH4/Ar plasma at around 425oC for 60 min. 
These figures show that the UNCD films were conformally 
coated on SiNWs, regardless the constituent in the plasma. The 
growth of UNCD films in CH4/N2 plasma (at 700oC) is much faster 
such that N2-UNCD films (300 nm in thickness) can completely 
cover the SiNWs by 10 min MPECVD process (Fig. 6(a)). In contrast, 
the growth of c-UNCD films is slower in CH4/Ar plasma (without 
heating) such that it needs about 60 min MPECVD process to reach 
similar thickness (Fig. 6(b)). It is not clear whether it is the difference 
in plasma constituent or the substrate temperature that results in 
difference in growth rate for the UNCD films. But both films possess 
the same good crystallinity. Raman spectroscopy in Fig. 7 shows that 
both N2-UNCD/SiNWs and c-UNCD/SiNW nanostructure materials 
possess broaden Raman resonance peaks, which are similar with the 
Raman spectroscopy of the planar UNCD films (cf. Fig. 4). Briefly, 
besides the disordered carbon (D*-band, 1350cm-1) and  the graphitic 
(G-band, 1580 cm-1) resonance peaks with large intensity, they 
contain trans-polyacetylene phase, υ1-band (1140 cm-1) and υ2-band 
(1480 cm-1), with smaller intensity. 
Figure 8 shows that the EFE properties of thus obtained 
UNCD/SiNWs, indicating that the N2-UNCD/SiNW nanostructure 
materials exhibit much superior to those of the conventional c-
UNCD/SiNW ones. The EFE process for the N2-UNCD/SiNWs films 
can be turned on at a field of (E0)N2-UNCD =7.80 V/μm, attaining a 
EFE current density of (Je)N2-UNCD= 0.87 mA/cm2 at an applied field 
of 13.0 V/μm (Fig. 8(a)). In contrast, Fig. 8(b)  shows that it requires 
markedly larger field to turn on the EFE process for c-UNCD/SiNW 
nanostructure materials ((E0)UNCD=18.25 V/μm) and the EFE current 
density can only attain (Je)UNCD=0.024 mA/cm2 at an applied field of 
13.0 V/μm. It needs markedly larger applied field (Ea=32.0 V/mm) to 
attain an EFE current density of 0.8 mA/cm2. The superior EFE 
properties for the N2-UNCD/SiNW nanostructure materials, as 
compared with those for conventional c-UNCD/SiNW ones, is, 
presumably, resulted from the better conductivity for the N2-UNCD 
nanostructure materials. Nevertheless, both N2-UNCD and c-UNCD 
coated SiNW arrays show EFE properties significantly superior to the 
uncoated SiNW arrays, which possess trun-on field and EFE capacity 
of E0=31.57 V/μm and Je=0.024 mA/cm2 at 13.0 V/μm, respectively, 
and and it requires Ea=50.0 V/μm to attain the same large EFE 
current density (0.87 mA/cm2).  
Usually, the materials in the nanowire geometry shows markedly 
better electron field emission properties than their thin film 
counterpart due to the presence of large field concentration factor in 
nanowire form. However, the benefit of high field enhancement 
factor for growing the UNCD films on SiNW array templates is not 
observable here. The EFE properties of the UNCD/SiNW arrays are 
only moderately better than those for the N2-UNCD (or c-UNCD) 
thin films grown on a planar Si-substrate. The probable cause is that 
in the MPECVD process, the plasma cannot reach the bottom region 
of the SiNW arrays due to the closely packing of the SiNW arrays. 
The N2-UNCD (or c-UNCD) films were not grown completely 
covering the bottom of the SiNW arrays. The electrons can only 
transport through resistive SiNWs to reach the tip of the 
UNCD/SiNW nanostructure materials for field emitting. Large 
resistance connected in series increases largely the turn-on field  
needed to 
 
 
Fig. 8   The electron field emission properties of the UNCD films 
coated on the SiNW templates: (a) N2-UNCD/SiNWs coated in 
CH4/N2 plasma at 700oC for 10 min and (b) conventional 
UNCD/SiNW coated in CH4/Ar plasma at around 425oC for 60 min. 
 
 
initiate the EFE process and suppressed the EFE current density. The 
probable ways for improving the EFE properties of these UNCD-
coated SiNWs is utilization of more conducting Si-substrates for 
synthesizing the SiNWs, or increasing the spacing between the SiNW 
arrays that allows the plasma to reach the bottom region of the 
SiNWs to more uniformly grow UNCD films on the SiNW arrays. 
Moreover, larger spacing between the SiNWs in the arrays will 
increase the field enhancement factor for the UNCD/SiNWs that will 
further enhance the EFE process. 
The plasma illumination characteristics of the plasma devices 
with capacity-type configuration (CP-devices), using UNCD/SiNW 
nanostructure materials as cathode and ITO as anode with 1 mm 
cathode-to-anode gap are shown in Fig. 9. This figure shows that the 
Ar plasma can be triggered at a low applied voltage of 210 V, which 
corresponds to a turn on field of 0.21 V/μm, regardless of the nature 
of the cathode materials. The plasma illumination current increases 
monotonously with the applied field. Detail analyses on these plasma 
illumination behaviors reveals a subtle advantages for using N2-
UNCD/SiNW nanostructure materials as cathode for the CP-devices, 
as compared with the c-UNCD/SiNW nanostructure materials 
cathoded ones. The plasma current density achieve around (Jpl)c-
UNCD=3.2 mA/cm2 at an applied field of Ea=0.35 V/μm when using c-
UNCD/SiNW nanostructure materials as cathodes (Fig. 9(a)), 
whereas (Jpl)N2-UNCD=5.0 mA/cm2 at the same applied field for N2-
UNCD/SiNWs cathoded devices (Fig. 9(b)). The larger plasma 
illumination current density for the N2-UNCD/SiNWs cathoded 
device is apparently resulted from the larger EFE current density for 
these materials. Furthermore, both CP-devices cathoded with N2-
UNCD/SiNWs or c-UNCD/SiNW nanostructure materials shown 
markedly better plasma illumination behavior than those cathoded 
with uncoated SiNWs, i.e., (Eth)SiNWs=0.23 V/μm and (Jpl)SiNWs=2.0 
mA/cm2 (at an applied field of Ea=0.35 V/μm). The plasma 
illumination and EFE properties corresponding to SiNWs are 
summarized in Table I(b). 
It should be noted that the plasma illumination of the CP-devices 
can be triggered when the electrons emitted from the cathode (e.g. 
UNCD/SiNWs) gained a sufficient kinetic energy for ionizing the gas 
molecules (15.7 eV for Ar-species). The ionization cross-section for 
Ar-species increases around 100 eV [25]. Therefore, although the 
EFE process for N2-UNCD/SiNW arrays can be turned on at much 
lower field ((E0)N2-UNCD=7.8 V/μm), as compared with that for c-
UNCD/SiNW ones, the onset field for triggering illumination process 
does not show much difference when the cathode materials were 
changed from N2-UNCD/SiNW nanostructure materials to c-
UNCD/SiNW ones.  Only the plasma illumination current density 
was markedly larger for the CP-devices coathoded with the N2-
UNCD/SiNW nanostructure materials that, apparently, is owing to 
the possess larger EFE capacity for these materials. 
 
 
Fig. 9  The plasma illumination properties of CP-devices where the 
cathodes are the diamond coated on SiNW nanostructures: (a) N2-
UNCD/SiNWs grown in CH4/N2 plasma at 700oC for 10 min,  (b) 
conventional UNCD/SiNW grown in CH4/Ar plasma at around 425oC 
for 60 min and (c) the uncoated SiNW nanostructures. 
 
 
IV. CONCLUSION  
The effect of cathode materials on the plasma illumination 
characteristics of the a capacitive-type plasma devices (CP-devices) 
was systemtically examined. It is observed that the plasma 
illumination charateristics of the CP-devices is closely correlated 
with the electron field emission behavior of the cathode materials, 
which, in turn, was enhanced due to the improvement in conductivity 
of the UNCD films. The N2-UNCD/SiNW nanostructure materials, 
which were grown in CH4/N2 plasma  at 700oC possess markedly 
better conductivity (σN2-UNCD=2-3(Ω cm)-1), as compared with the 
conventional c-UNCD/SiNWs ones, which were grown in CH4/Ar 
plasma at around 425oC (σc-UNCD<0.01(Ω cm)-1). The EFE process of 
the former materials can be turned on at (E0)N2-UNCD=7.80 V/μm 
achieving larger EFE current density of (Je)N2-UNCD=0.87 mA/cm2 at 
an applied field of 13.0 V/μm, whereas that of the latter materials 
need (E0)=UNCD=18.25 V/μm to turn on, attaining only (Je)UNCD=0.024 
mA/cm2 at same applied field. While the plasma illumination process 
can be triggered at around 0.21 V/μm, regardless of the 
characteristics of the cathod materials, plasma illumination 
intensity/current density is larger when the materials with better EFE 
properties were used as cathodes for the plasma device. The plasma 
illumination current density is around (Jpl)N2-UNCD=5.0 mA/cm2 (at an 
applied field of 0.35 V/μm when N2-UNCD nanostructure materials 
was used as cathode, whereas the  (Jpl)c-UNCD=3.2 mA/cm2 when the 
conventional c-UNCD/SiNW nanostructure materials was used as 
cathode. 
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